Abstract -With the rapidly increasing number of distributed energy resources (DER) on electric grids worldwide, there is a growing need to have these devices provide grid services and contribute to voltage and frequency regulation. PV inverters and other reactive-power capable DER have the capability to minimize distribution losses and provide voltage regulation with grid-support functions such as volt-var, volt-watt, and fixed power factor. DER reactive power function settings for specific distribution topologies have been widely studied for centralized (fixed reactive power, power factor) and decentralized (volt-var, volt-watt) control modes. However, optimal selection of the DER operating mode and settings depends on a priori knowledge of system topology, DER sizes and locations, or renewable energy power generation or forecasts. In this paper, we experimentally evaluate an approach for optimal reactive power compensation that does not rely on power system information. Specifically, we study the ability of Extremum Seeking (ES) control-a decentralized, model-free control strategy-to maintain voltage limits in a laboratory environment. The speed and performance of the ES control algorithm is compared to a smart inverter volt-var function for reactive power compensation utilizing local system measurements.
I. INTRODUCTION
As the quantity of renewable energy DER interconnected to the distribution system increases, grid operators are confronted with new distribution management and voltage regulation challenges. Traditionally, utilities and other grid operators could assume unidirectional power flow and grid voltage within ANSI Standard C84.1 [1] limits using larger centralized voltage regulation equipment such as on-load tap changing transformers and STATCOMs. With increasing solar penetrations, DER generation is causing larger voltage swings on distribution systems and thereby increasing systems reactive power losses [2] - [3] .
Fortunately, the United States is updating the interconnection and interoperability requirements at the state [4] - [5] and national-level [6] to require additional distributed energy resource (DER) grid-support functions, including voltvar, volt-watt, and fixed power factor. When these functions are configured correctly, the distribution hosting capacity can be drastically increased by mitigating thermal and voltage excursions, minimizing losses, and maintaining ANSI limits [7] - [8] .
Many techniques for controlling fleets of DER assets to provide voltage regulation have been described in the literature. Centralized control algorithms have been designed to solve for the optimal reactive power injection for DER devices [8] - [9] . Other researchers have investigated distributed control (autonomous functions) to provide voltage regulation. The most widely studied decentralized method is the volt-var function which changes DER reactive power injection of the inverter based on local voltage measurements 1 . Shen and Baran created a gradient-based optimization for the volt-var (VV) function for unbalanced systems [10] . The National Renewable Energy Laboratory (NREL) has studied the influence of VV setpoints on power quality and energy savings HECO and PG&E distribution systems [11] and EPRI, Georgia Tech, and Sandia have extensively studied the VV function for distribution voltage regulation and increasing feeder hosting capacity [12] - [15] .
In this work, we experimentally test an Extremum Seeking (ES) controller for reactive power compensation. ES control of DER, a topic of recent study in literature, has been shown to achieve optimal results when coordinating reactive power assets for voltage regulation and loss minimization [16] . Such results are achievable without having to rely on external knowledge, such as the distribution system topology and DER characteristics. In this work, we experimentally evaluate the ES approach via its implementation in an integrated control interface that is connected to a simulated distribution circuit created in the Sandia's Distributed Energy Technologies Laboratory (DETL). The testbed environment allowed the ES control performance to be compared directly to centralized (fixed power factor) and distributed (VV) voltage control techniques.
II. ES CONTROLLER DESIGN AND IMPLEMENTATION
Extremum Seeking Control is a real-time optimization technique for multi-agent, nonlinear, and infinite-dimensional systems [17] . The algorithm operates by adjusting system inputs in an effort to optimize measured outputs. While there are many forms of ES control, the method discussed herein adjusts system inputs via use of a sinusoidal perturbation, demodulates system outputs to extract approximate gradients, and finally performs a gradient descent. A block diagram of the approach is shown in Fig. 1 . The parameters k, l, h, a, and ω are chosen by the designer. In addition to choosing unique probing frequencies for each controllable DER, one must ensure that l, h << ω thereby ensuring proper operation of the high and low pass filters in each ES loop. The reader is invited to consult [16] for more detail regarding the configuration of ES control for this activity. 
III. DISTRIBUTION CIRCUIT EXPERIMENTS
Experiments were conducted at DETL to evaluate voltage regulation using fixed power factor, VV, and ES control using the testbed shown in Fig. 2 . The testbed consisted of nine photovoltaic inverters:  Two 3.0 kW inverters with adjustable reactive power modes and ±0.80 power factor limits on Bus 2.  Two 3.0 kW inverters at unity power factor on Bus 2.  Four 3.0 kW inverters with adjustable reactive power modes and ±0.85 power factor limits on Bus 3.  One 3.8 kW inverter at unity power factor on Bus 3. The circuit was connected to a 180 kVA grid simulator to maintain the voltage near nominal. Additional tests were conducted connecting the test circuit to the utility, but the variation in Bus 1 voltage was smaller using the grid simulator. The 200-foot cable between Buses 2 and 3 simulated approximately 10.4 miles of 2/0 cable on a 12.47 kV radial distribution circuit with a calculated X/R less than 0.5. While the X/R ratio may be lower than many overhead distribution runs, it represented a realistic rural installation and demonstrated undercompensated, long feeders with low X/R ratios are prone for voltage deviations with high penetrations of DER. The PV inverters were powered with nine 10 kW Ametek PV simulators with simulated PV systems configured such that their maximum power point was the DC nameplate rating at 1000 W/m 2 irradiance. The AC power production of the inverters depended on the reactive power output and inverter efficiency.
Three voltage regulation control strategies were conducted with the testbed. The first adjusted the power factors settings of the inverters to evaluate the influence of inverter reactive power on the circuit voltage profile. The second experiment investigated the volt-var function against a no-control baseline for a range of irradiance values. And lastly, a voltage regulation objective function was employed with the ES controller to determine if this approach was practical for voltage regulation.
A. Fixed Power Factor
In order to assess the influence of power factor on the distribution circuit, the fixed power factor (PF) function (see the INV3 function in IEC 61850-90-7 [18] ) was independently adjusted on the inverters on Bus 2 and 3 (referenced as PF2 and PF3) at five values from PFmin to PFmax for the inverters. The irradiance of all the PV systems on each bus-G2 for Bus 2 and G3 for Bus 3-were set to 200, 500, and 1000 W/m 2 . Note that that power of the maximum power point of the PV simulator-and therefore the inverters-scales nearly linearly with irradiance. The 225 parametric tests were repeated 10 times to gather averages and measure the repeatability of the experiments. The maximum standard deviations on Bus 1, 2, and 3 were 0.22%, 0.47%, and 0.35% p.u. voltage for the 225 experiments, though the majority were below 0.10%. The variance in measurements was generated from a combination of the grid simulator voltage tolerance and data acquisition measurement errors. The voltage at the three buses shown in Fig. 2 were recorded to determine the voltage profile in each scenario. As an example of these results, the 250 voltage profiles for one of the irradiance combination is shown in Fig.  3 . The voltage is significantly larger at the end of the load-less feeder than at the grid simulator and the fixed power factor function is effective at reducing the voltage (or increasing the voltage). Notably, with larger quantities of absorptive reactive power (positive PF-according to the IEEE sign convention) the grid simulator voltage decreased as well. In order to minimize this bias, the voltage changes from Bus 1 were used as the parameters of interest for the remainder of this document. The average bus voltages for each of the 225 configurations is shown in Fig. 4 with the color indicating the power factor and the shape of the marker representing the irradiance level of the simulated PV system. The key trends in the results are:
1. The maximum voltages on Bus 3 are much larger than Bus 2 due to the impedance in the 200-ft cable between Bus 2 and 3. 2. Bus 3 power factor and irradiance had the largest influence on the Bus 3 voltage. With increasing irradiance, the inverters produced greater active power which increased the voltage from resistive losses. The power factor changed the reactive power on the circuit which shifted the bus voltages. 3. In the case of rated power for all the inverters (as indicated by the ★ symbol), a significant amount of absorptive reactive power was needed to pull the voltage to within ANSI Range A limits. In scenarios with lower irradiances, the voltage deviations were less severe. To better visualize the influence of the power factor on the bus voltages, trajectories were created from the data in Fig. 4 in which the PFi values were plotted from {PF2 = -0.80, PF3 = -0.85} (trajectory start) to {PF2 = 1.0, PF3 = 1.0} (trajectory elbow) to {PF2 = 0.80, PF3 = 0.85} (trajectory end) for each of the irradiance sets. As seen in Fig. 5 , these PF changes reduce the Bus 3 voltage and in all cases the final PF settings are within ANSI Range A. Interestingly, for most of the irradiance cases, the Bus 2 voltage decreases in the first step, but increases in the 2 nd step due to the reactive power flows through the testbed circuit.
B. Volt-Var Autonomous Function
ES control and VV control were evaluated with the system in Fig. 2 with an aggressive VV curve: V points = {95%, 99%, 101%, 105%} and Var points = {100%, 0%, 0%, -100%}. All inverters were configured with reactive power priority, so active power would be reduced to provide the reactive power requested by the VV function, if necessary. As shown in the results in Fig. 6 , Bus 2 and 3 voltages were reduced using this function. In the case of Bus 3, the voltage reduction was nearly as significant as the most absorptive reactive power level supported by the devices, shown in Fig. 5 . No instabilities or reactive power oscillations were observed with the volt-var function. 
C. Extremum Seeking Control
ES control can be used to optimize the reactive power contributions of DER to minimize system resistive losses and perform voltage regulation. In order to generate the ES control probe signal a script was created with the SunSpec System Validation Platform (SVP) [19] to produce a reactive power waveforms by continuously issuing fixed power factor commands. The inverter PF settings could be updated at a maximum rate of ~5 Hz using Modbus RTU and TCP commands to the DER, however the actual implementation was much slower (~1.5 seconds/update) because the centralized ES controller needed to communicate to the data acquisition equipment and each of the inverters sequentially. An example of different reactive power waveforms created using this method with a single inverter is shown in Fig. 1 . Fig. 7 . Example reactive power waveforms generated by the SVP for ES control.
The ES control optimization function was based on the work in [16] , but tailored to the voltage regulation problem 2 . The optimization objective function for these simulations is given by
where, V2 and V3 are Bus 2 and 3 voltages, Vn is the nominal voltage (240 Vac), and C2 and C3 are voltage deviation weightings. The reactive power perturbation was evaluated at different magnitudes to determine a waveform amplitude that affected a change in J and was not lost in the voltage measurement noise. One of the benefits of the ES control is that all DER can independently optimize their behavior by the selection of different probing frequencies. However, in these experiments all DER on Bus 2 probed at 0.02 Hz and all DER on Bus 3 probed at 0.03 Hz to amplify their effect on the objective function (i.e., bus voltages). Only 1000 W/m 2 irradiance levels were investigated with the ES controller.
In order to tune the ES control parameters, the inverters on Bus 3 were programmed with the ES control functionality. The four Bus 3 DER with fixed PF capabilities were issued power factor settings to generate sinusoidal reactive power waveforms with 200 Var amplitude and initial condition of -1000 Var (absorptive). As shown in Fig. 6 , the ES control probe determined the objective function gradient and migrated toward the optimal solution at the power factor limit of the inverters (approximately -1800 Var).
The next experiment controlled the six programmable DER in the test bed. Bus 2 inverters could not influence the objective function as significantly as the Bus 3 inverters (as described in Section III-B), so the amplitude of the probing signal was doubled to 400 Var. As shown in Fig. 9 , inverters at Bus 2 do not meaningfully contribute reactive power until the Bus 3 inverters reach their steady state solution. At this point the Bus 2 probe determines the appropriate gradient and begins to increase absorptive reactive power. This discrepancy between the actions of the controllers at Buses 2 and 3 is due to the faster probing frequency associated with Bus 3 controllers. It is worth noting that in both of these tests, conservative gains were used to ensure stability and demonstrate the approach. Proper tuning of the control parameters would decrease the response time. In the current implementation, this controller would likely only assist with PV-induced voltage deviations on low variability (clear sky) days, but would be ineffective during high variability (partly cloudy) days.
One of the disadvantages of the scripted implementation deployed here is poor scalability. Each of the PF settings were issued to the DER sequentially with a ~0.14 sec communication delay and the voltage at each of the Buses were read each time through the loop. This limitation was evidenced by the speed of the PF commands: there were roughly 15 pts/cycle for Bus 3 inverters in the first ES experiment, but only ~11 pts/cycle for Bus 3 inverters in the second when there were two additional inverters in the control loop. In this paper, the voltage was measured with a LabVIEW-based data acquisition system and transferred to the Python control script with 0.03 sec delay. This delay will also scale with the number of measured buses. When optimizing the substation or feeder active or reactive power, there will also be delays associated with these communications but they will not scale with the number of devices. Therefore, in order to effectively use this technique at scale, aggregators, multithreading or multicast communications should be considered.
The ES control technique was compared to the results from the VV and PF control at full irradiance. As shown in Fig. 10 , the ES control produced similar results to the VV technique, but did not reduce the Bus 3 voltage to below the ANSI Range A limit like the fixed power factor control. The PF outperformed the VV because the Bus 2 devices did not absorb the maximum reactive power since they did not measure high voltages that existed on Bus 3. The ES control did have the ability to reach (and was tracking towards) this global optimum, but the experiment was concluded after 2,000 seconds as shown in Fig. 9 . The results indicate all the methods are effective in reducing voltage deviations on distribution circuits. 
IV. CONCLUSIONS
Three different techniques for performing voltage regulation were implemented on a testbed representing a rural feeder with nine PV inverters. All three methods were effective in reducing voltages on the distribution circuit, but each included pros and cons. The PF control relied on a centralized control algorithm to issue setpoints to each of the DER so it was computationally and communications intensive, but it produced the greatest voltage improvement. The volt-var function was convenient because it could be preprogrammed or updated infrequently. VV did not produce as significant a reduction in voltage as PF control on Bus 3, but it was highly effective and fast. ES control required high communication speed and proper selection of ES control gains, probing frequencies, and probing magnitudes-but the method showed promise to reach optimal voltage regulation DER setpoints. Additionally, other objectives (e.g., reduced substation active power) could be included in the objective function to provide multi-objective optimization of distribution circuits. It is recommended that this technique be investigated in further detail with different physical systems to determine the feasibility of field deployments and to improve the response time.
